A multivariate regression analysis showed that the LF, HF and heart rate were independent determinants of the c/a. Furthermore, the c/a values were significantly lower in the patients with hypertension, diabetes mellitus and hyperlipidemia than in those without these diseases, and a reduced c/a was significantly associated with increased serum triglyceride and total cholesterol concentrations. Conclusions: These findings suggest that a decrease in c/a is associated with a reduced baroreflex response of the peripheral vasomotor activity and a decreased cardiac parasympathetic activity. Furthermore, a decrease in c/a was found to be associated with atherosclerosis-based conditions, such as hypertension, diabetes mellitus and hyperlipidemia. J Atheroscler Thromb, 2014; 21:501-508.
Introduction
A finger photoplethysmogram (PTG), which closely reflects the pulsation of the heart, is a noninvasive method used to conduct pulse wave analyses. Pulse wave analyses evaluate aortic stiffness in response to vascular aging, hypertension and atherosclerosis 1) . The second derivative of the PTG (SDPTG), or accelerated plethysmogram (APG), is obtained via the double differentiation of the PTG.
The SDPTG consists of four systolic waves, the a-, b-, c-and d-waves, and a diastolic e-wave. Each wave of the SDPTG provides structural and func- 
Associations between the Autonomic Nervous System and the Second Derivative of the Finger Photoplethysmogram Indices

Aim
The current study aimed to examine the relationships between the autonomic nervous system function, as evaluated by HRV, and SDPTG indices. To further determine the clinical importance of the c/a, the relationships between the c/a and atherosclerosisbased conditions and risk factors for atherosclerosis were evaluated.
Methods
The patients were enrolled after receiving the approval of the Clinical Ethics Committee of Kagoshima University Hospital, and written informed consent was obtained from all subjects. One hundred and seventy patients ≥ 18 years of age who were scheduled to undergo elective oral surgery between February 2011 and April 2013 were enrolled. All patients had either a category Ⅰ (normal healthy patients; no organic, physiological or psychiatric disturbances) or Ⅱ (patients with mild systemic disease; no functional limitations) status according to the American Society of Anesthesiologists physical status classification 12) . On the day before surgery, consecutive measurements of the PTG and HRV were obtained in the sitting position. The systolic and diastolic blood pressure (SBP, DBP) and heart rate (HR) were also measured. Patients with a history of hypertension and/or use of medications for hypertension and those with hypertensive factors were classified as hypertensive patients. Hypertensive factors included protrusion of the aortic arch into the left lung field or calcification of the aorta, as shown on a chest radiograph, left ventricular hypertrophy, as shown on an echocardiogram, a SBP of ≥ 140 mmHg and/or a DBP of ≥ 90 mmHg after entering the hospital until the day before surgery or a family history of cardiovascular disease arising in adolescence. The BP was measured in the sitting position, and the mean value of two measurements was used. The PTG was recorded for a 90-second period on the index finger of the left hand using the APG software package for the APG HeartRater SA-3000P (Tokyo Iken, Tokyo, Japan). The PTG was transformed into SDPTG waveforms, and the ratios of the height of the b-, c-, d-and e-waves to that of the a-wave were calculated using the software program. The HRV was recorded for a consecutive 3-minute period on the same finger using the HRV software program on the same apparatus. The power spectrum of the HRV was divided into very-low-frequency (VLF; 0.003-0.04 Hz), low-frequency (LF; 0.04-0.15 Hz) and high-frequency (HF; 0.15-0.40 Hz) bands. These parameters tional properties of large and peripheral arteries 2) . The a-wave (initial positive wave) and b-wave (initial negative wave) correspond to the early systolic component of the PTG, while the c-wave (re-increasing wave) and d-wave (late re-decreasing wave) correspond to the late systolic component 3) . The b/a, the ratio of the height of the b-wave to that of the a-wave, expresses the vascular response to blood ejection from the left ventricle and is used as an index of the stiffness of large arteries. The d/a represents a reflection wave from the periphery and is used as an index of peripheral vascular resistance or left ventricular afterload 2) . The SDPTG is effective for screening atherosclerotic diseases, such as hypertension, diabetes mellitus and coronary heart disease 4) , and enables the evaluation of vascular aging in hypertensive patients 5) . The SDPTG is also useful for estimating the risk of coronary heart disease 2) . However, the physiological role and clinical significance of the c/a are not yet well understood 4) . Heart rate variability (HRV) is a noninvasive parameter used to quantify the autonomic nervous system activity. In power spectral analyses, the low-frequency component reflects the interaction between the baroreflex response and the peripheral vasomotor activity primarily via sympathetic control, with varying levels of parasympathetic activity. Meanwhile, the high-frequency component is correlated with the frequency of respiration, which is exclusively mediated by cardiac parasympathetic activity 6) . The ratio of the low-frequency to high-frequency components reflects the dominance of the cardiac sympathetic activity 7) . In time-domain analyses, the standard deviation of normal-to-normal intervals (SDNN), which mathematically equates to the total power of the spectral analysis and estimates the overall HRV, and/or the root mean square of successive differences (RMSSD), which estimates the short-term components of HRV and reflects the vagal activity, are used 8, 9) . Recently, relationships between arterial stiffness and HRV have been reported. The brachial-ankle pulse wave velocity (baPWV) is closely associated with the cardiac sympathetic activity in young men 10) , and a reduced HRV is associated with increased arterial stiffness in young patients with type Ⅰ diabetes 11) . These findings suggest that pulse wave analyses not only evaluate the structural properties of large arteries, but also implicitly provide information regarding autonomic nervous control of the peripheral arteries. However, the association between the autonomic nervous activity and SDPTG indices has not been investigated. c/a was also positively correlated with the LF component ( Fig. 1A ; R = 0.40), but not with the LF/HF ratio ( Fig. 1C ; R =−0.063).
The relationships between the SDPTG indices and the SBP, DBP and HR values are shown in Table  3 . The SBP and DBP were negatively associated with the d/a (R =−0.33 and −0.31, respectively). The HR was slightly associated with the c/a and e/a (R = 0.21 and 0.18, respectively).
The results of the multiple linear regression analysis are shown in Table 4 . Age was found to be a strong independent determinant of the b/a, c/a, d/a and e/a. Additionally, log LF, log HF and HR were found to be independent determinants of the c/a, and the DBP was found to be an independent determinant of the d/a.
The relationships between the c/a and hypertension, diabetes mellitus, hyperlipidemia and smoking 
Statistical Analysis
Correlations between the SDPTG indices (Y) and age, HRV indices, SBP, DBP and HR (X) were analyzed according to Pearson's correlation coefficient, and the relationships were fitted using a simple regression model. A multiple linear regression analysis was performed to estimate the dependence of SBP, DBP, HR, LF and HF on each SDPTG index. A one-way analysis of variance was used to test the significance of the c/a values between the patients with and without hypertension, diabetes mellitus, hyperlipidemia or smoking habits. A p value of ＜0.05 was considered to be statistically significant. The data analyses were performed using the JMP 8.0 software package (SAS Institute Japan, Tokyo, Japan).
Results
A total of 170 patients were enrolled. Two patients were excluded from the data analysis due to the presence of atrial fibrillation and frequent ventricular premature beats during the recording period. No patients exhibited Raynaud's phenomenon or peripheral artery disease. Therefore, the total number of patients included in the data analysis was 168. The baseline patient characteristics are shown in Table 1 .
The b/a was positively associated with age (R = 0.60), while c/a, d/a and e/a were negatively associated with age (R =−0.50, −0.59 and −0.24, respectively). The overall relationships between the SDPTG and HRV indices are shown in Table 2 . The b/a was negatively associated and the d/a was positively associated with the LF (R =−0.44 and 0.42, respectively) and HF (R =−0.31 and 0.35, respectively) components. The relationships between the c/a and the LF, HF and LF/HF are shown in Fig. 1 . The c/a was positively correlated with the HF component ( The data are expressed as the mean±SD or n (%). BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; BUN, blood urea nitrogen; ARBs, angiotensin Ⅱ receptor blockers; ACE, angiotensin-converting enzyme.
Discussion
Pulse wave analyses are used to evaluate the degree of aortic stiffness in response to vascular aging, hypertension and/or atherosclerosis 1) . Therefore, it is natural to consider that SDPTG, which is a derivative of PTG, reflects functional vascular properties, such as tonus, flexibility of the vascular wall and peripheral vascular resistance, and/or structural vascular properties, such as wall thickness or the presence of atherosclerosis. However, the relationships between the cardiac autonomic nervous system and SDPTG indices have not been investigated. In the current study, the c/ a, the clinical role of which is not well understood, was found to be positively associated with cardiac parasympathetic nervous tone (i.e. HF and RMSSD). Furthermore, the LF, HF and HR were found to be indehabits are shown in Fig. 2 . The c/a values were significantly lower in the patients with hypertension than in those without hypertension ( Fig. 2A) . Similarly, the c/ a values were significantly lower in the patients with diabetes mellitus (Fig. 2B) and hyperlipidemia ( Fig. 2C) than in those without diabetes mellitus and hyperlipidemia. However, the c/a values were not significantly different with regard to smoking habits (Fig. 2D) . Table 5 shows the relationships between the c/a and various risk factors for atherosclerosis. A decreased c/a was associated with increased serum triglyceride and total cholesterol concentrations, but not the body mass index or fasting plasma glucose concentration. There were significant correlations between the c/a and b/a (R =−0.58, p＜0.0001) and the c/a and d/a (R = 0.53, p＜0.0001). 
SDPTG, second derivative of the finger photoplethysmogram; HRV, heart rate variability; TP, total power; LF, low-frequency; HF, high-frequency; SDNN, standard deviation of the normal-to-normal intervals; RMSSD, root mean square of successive differences. (requiring only 1.5 min). The reason why the c/a was not found to be associated with the LF/HF ratio is unclear. However, this finding may be due to the relatively high dependence of c/a on the cardiac parasympathetic nerve activity. The reason why only the c/a, not b/a, d/a or e/a, was associated with the LF, HF and heart rate is also uncertain. We cannot exclude the possibility that the double differentiation of the PTG may separate various factors involved in the PTG, such as wall thickness, the peripheral vasomotor activity, peripheral vascular resistance and the invert blood flow. Age and hypertension are common factors affecting the c/a and HRV indices of HF. The current results showing relationships between age and SDPTG indices are consistent with the findings of previous studies 4, 15) . In the present study, the b/a increased pendent determinants of the c/a. Recently, the LF component has been proposed to reflect the baroreflex function rather than the cardiac sympathetic activity 13, 14) . These findings suggest that a decrease in the c/a is associated with a reduced baroreflex response of the peripheral vasomotor activity and decreased cardiac parasympathetic tone.
Furthermore, the current results revealed the clinical significance of the c/a in association with atherosclerosis-based conditions and risk factors for atherosclerosis. A decreased c/a was found to be associated with hypertension, diabetes mellitus and hyperlipidemia as well as increased serum triglyceride and total cholesterol concentrations. Therefore, the c/a may be used as a screening parameter of atherosclerotic alterations in middle to large populations, as measuring the SDPTG is noninvasive, quick and easy ized by a hyperactive sympathetic and hypoactive parasympathetic nervous system, is associated with hypertension and cardiovascular diseases 9) . For example, in the early stage of hypertension, an increased sympathetic activity accompanied by a decreased parasympathetic activity results in hyperkinetic hemodynamics, including a high cardiac output, fast heart rate and increased stroke volume 21) . Sympathetic hyperactivity promotes the development of hypertension, atherosclerosis and cardiovascular morbidity 22) . Moreover, the importance of the cardiac parasympathetic activity has been emphasized due to its ability to antagonize arrhythmogenic sympathetic hyperactivity, which leads to sudden cardiac death after myocardial infarction 23) . We also found that the DBP was an independent determinant of the d/a, in accordance with previous findings showing that the d/a reflects peripheral vascular resistance 2, 15) . In a previous study 24) , we evaluated SDPTG indices (b/a, d/a and the aging index [AGI]) in response to tracheal intubation in patients ≥ 40 years of age in the with age, while the d/a decreased with age, suggesting that stiffness of large arteries increases, while peripheral vascular resistance or the left ventricular afterload increases with age. The c/a decreases with age, and the HF has also been reported to decrease with age 16, 17) . Therefore, considering the current findings that c/a reflects cardiac parasympathetic tone, evaluating the c/a may provide additional information regarding a wide range of cardiovascular diseases, such as hypertension and atherosclerosis, and/or cardiovascular mortality, as an alternative to the HF. The relationship between the HF and hypertension has been well investigated 9) . A reduced HF power is associated with the risk of developing hypertension 18) . Additionally, a lower HRV is associated with a greater risk of developing hypertension, even in the normotensive population, and the baseline HRV is reduced in individuals with systemic hypertension 19, 20) . These findings suggest that a decrease in parasympathetic tone is closely associated with the development of hypertension. Furthermore, autonomic imbalance, which is character- we cannot exclude the possibility that the current results were affected by the mental condition of the patients. Anxious patients may exhibit an increased sympathetic activity and decreased parasympathetic activity, thus demonstrating an increased BP or heart rate. However, our current results reflect the net result, including potentially anxious patients.
Conclusion
In conclusion, our findings suggest that a decreased c/a is associated with a reduced baroreflex response of the peripheral vasomotor activity and decreased cardiac parasympathetic activity. In addition, a decreased c/a is associated with the presence of atherosclerosis-based conditions, such as hypertension, diabetes mellitus and hyperlipidemia. presence or absence of remifentanil. Remifentanil is a potent, ultra short-acting μ-opioid analgesic that stimulates cardiac parasympathetic nerves and decreases peripheral vascular resistance 25) . In our previous study, elevation of the b/a (an increased vascular response to blood ejection from the left ventricle) and reduction of the d/a (sympathetically-mediated peripheral vasoconstriction) occurred in the absence of remifentanil; however, this finding was not observed in the presence of remifentanil during the induction of anesthesia 24) . We consider that direct laryngoscopy and tracheal intubation stimulate the cardiac sympathetic activity, thus resulting in an increased heart rate, stroke volume and peripheral vascular resistance, leading to tachycardia and elevated blood pressure. We also observed that the c/a is decreased during the induction of general anesthesia. Therefore, we hypothesize that the c/a is similar to or reflects the HF component of the HRV, as it has been demonstrated that volatile anesthetics decrease the HF power during the induction of anesthesia 26, 27) . The current study showed that the c/a reflects the cardiac parasympathetic activity.
The current study is associated with a few limitations. First, the activity of sympathetic and parasympathetic nerves should be measured using 24-hour ambulatory ECG monitoring and pharmacological interventions should be applied in order to confirm the results. Additionally, the use of aortic stiffness parameters, such as the PWV, should be taken into consideration. Such methodologies, which require volunteers, should be included in future investigations. Second, the HRV was recorded for a 3-minute period, which we do not consider to be sufficient for accurately evaluating the HRV. However, this short periodbased measurement expresses the HRV when the finger photoplethysmogram is obtained. In contrast, the 24-hour ambulatory monitoring-based HRV values reflect the data obtained for an entire day. Because the HRV is known to vary over time, we consider that both HRV values indicate aspects of the autonomic condition of a patient. Third, the current study was performed before the day of oral surgery. Therefore, 
